The Visible Infrared Imaging Radiometer Suite (VIIRS) is a sensor onboard the recently launched Suomi NPP spacecraft. Shortly after launch, VIIRS was found to exhibit a pronounced decrease in the optical throughput of several bands, with the near-infrared bands being more affected than those in the visible. The anomaly investigation team performed several experiments that concluded the primary source of degradation was throughput loss in the VIIRS rotating telescope assembly, likely caused by ultraviolet light illumination. This paper will discuss the laboratory investigation that determined the root cause of the telescope degradation to be UV photo-darkening of a tungsten oxide contaminant film that had been inadvertently deposited during the mirror manufacturing process. We will present data from experiments conducted on witness mirrors manufactured along with the telescope, as well as other mirrors of the same type that were not contaminated.
INTRODUCTION
The Suomi National Polar-orbiting Partnership (NPP) spacecraft was launched on October 28, 2011, and began earlyorbit operations shortly thereafter. On board this satellite is the Visible Infrared Imaging Radiometer Suite (VIIRS), a twenty-two band instrument that employs visible and infrared radiometry to obtain information about Earth's climate and weather. The VIIRS sensor collects light using a Rotating Telescope Assembly (RTA) that sequentially and periodically scans the Earth, interleaved with views of calibration sources for the visible and infrared sensors. Each rotation of the RTA also includes a view of deep space to provide the dark level input required for accurate radiometry. More details about the instrument design are found elsewhere. 1, 2 Light gathered by the RTA reflects off another rotating mirror into an aft-optics subsystem comprised of additional fixed mirrors, dichroic beamsplitters, and three Focal Plane Assemblies (VIS/NIR, Shortwave IR, Longwave IR). The broadband spectral performance of the VIIRS instrument depends upon high reflectivity silver coatings on all of the sensor mirrors.
On November 21, 2011, the VIIRS sensor's nadir facing door was opened exposing the RTA to a view of the Earth. After only a few orbits, it was observed that several of the near-infrared bands on VIIRS had experienced a rapid loss of sensitivity. The source of this degradation was unknown and posed potential risk for other instruments on the spacecraft; consequently, further initiation of operations for these other sensors was halted. An Anomaly Response Team (ART) was formed to identify the source of this degradation. The ART investigation convincingly demonstrated that the effect could be traced to UV induced loss in the throughput of the RTA; that investigation is described in detail in a companion paper in this conference. 3 The purpose of this paper is to describe the process by which our team, working in parallel with the ART, was able to isolate the root cause of the RTA degradation in a timely manner, permitting the instrument, as well as other sensors on-board Suomi NPP to resume initialization beginning on January 17, 2012, subsequently achieving normal operational status in February of 2012. 
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ROOT CAUSE INVESTIGATION
The primary data available to the ART were plots of the trend of the VIIRS instrument F-factor, which is a calibration term derived once per orbit by comparing the sensor's response to attenuated solar illumination to the value expected based upon pre-launch characterization. The F-factor is exactly one if the instrument performance is equivalent to that measured on the ground, and varies inversely with instrument response to a given input, i.e., a loss in sensitivity causes the F-factor to be greater than one. Figure 1 is a plot of the F-factor verses satellite orbit for the nine VIS/NIR bands normalized to initial observations; the plot covers a time frame from early November through December 2011 corresponding to orbit 882. Note that the loss in sensitivity is greatest for the NIR bands (I2, M6, M7). The sharp degradation observed after orbit 344 correlated with the opening of the nadir door which presented VIIRS with a full view of Earth during each rotation of the RTA.
This observed degradation from opening the nadir door, coupled with trends observed during a number of experiments conducted during December, 2011 convinced the ART that the source of the degradation was most likely exposure of the RTA mirrors to UV irradiation. These other experiments are described in detail in Reference 3 and account for the gaps in the data shown in Figure 1 . Degradation by UV irradiation was unexpected, as the mirror coating formula had significant flight heritage, and similar coatings produced by the mirror vendor had been tested with no apparent effect in a simulated space environment of UV, electron, and proton radiation to levels exceeding that expected for the VIIRS operational environment. This led the team to consider the possibility that the mirrors had become contaminated either before launch or on-orbit, and that the contaminant was darkening with UV exposure. However, the spectral signature of the degradation was uncharacteristic of UV darkened molecular contamination, which typically results in greater losses in the short wavelength portion of the spectrum 4 , rather than the NIR as indicated by the F-factor data in Figure 1 . Figure 2 shows a comparison of the loss expected for a darkened contaminant layer to the degradation observed on VIIRS.
Additionally perplexing was the fact that the UV content of the reflected Earthshine, or albedo, contains significantly less short-wavelength UV radiation than either direct sunlight or laboratory solar simulators, and would not be expected to produce significant darkening of a depositing molecular contaminant film. Changes to the F-factor at wavelengths below 550nm has been traced to darkening of the solar diffuser material used for instrument calibration, information that was not available at the time. The overlay shows the typical spectral shape of a darkened molecular contaminant film, which was discounted as root cause for the VIIRS behavior in the near infrared.
Thin film interference modeling further suggested that the source of the near infrared losses on VIIRS could be either (a) a very thin, but highly absorbing contaminant such as a thin metallic film; (b) a very highly absorbing top layer of the coating, caused by some exposure on orbit, or (c) a moderate-to strongly-absorbing contaminant layer which preferentially absorbed at NIR wavelengths. As there is little likelihood that the opening of the nadir door would result in enhanced deposition of a metallic contaminant film onto the RTA mirrors, this first scenario was considered unlikely.
To test whether the VIIRS RTA mirrors were sensitive to ultraviolet light, several mirror witness samples were illuminated with a Xe arc lamp in vacuum. The Xe lamp spectrum is shown in Figure 3 and is a reasonable approximation of unfiltered (AM0) solar spectrum from 200-400 nm, but exceeds the albedo spectrum by several orders of magnitude for wavelengths below 320nm. 5 The initial experiment began on December 28, 2011 and contained (1) a silver mirror coating witness manufactured in 2004 with the four mirrors in the RTA that had traveled with the VIIRS instrument throughout spacecraft assembly, integration and testing (AI&T); (2) a silver mirror sample from the VIIRS coating vendor, procured by The Aerospace Corporation (Aerospace) in 2006 for a lifetime study and stored in a nitrogen desiccator since delivery; (3) an AI&T witness mirror from the Clouds and Earth's Radiant Energy System (CERES) sensor on Suomi NPP which was of a different coating design; and (4) a number of other reference materials and contamination monitors used to validate the test chamber performance. A list of the relevant samples and their shorthand designations is shown in Table 1 . 
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The top surface of the VIIRS TWM and CERES mirrors were characterized by time-of-flight secondary ion mass spectrometry (ToF-SIMS) prior to UV exposure testing. Both parts had surface molecular contaminants, as would be expected for mirrors traveling through AI&T for over six years, but the TWM showed evidence of tungsten oxide on the surface, which was unexpected. The reflectance of the samples was measured using an AZ Technologies LPSR 300V vacuum reflectometer that is installed in the UV test facility. In vacuo reflectance was measured prior to exposure and at periodic intervals during the test. The TWM exhibited substantial degradation after just 24 hours of UV exposure, and the spectral characteristics of the loss were very similar to the loss inferred from the VIIRS F-factor data ( Figure 4 ). Reflectance of the TWM before (red) and after (blue) 24 hr UV exposure. The green markers indicated the expected reflectance of a degraded RTA mirror, assuming all the on-orbit degradation is due to one mirror. On-orbit degradation at wavelengths below 550nm has since been traced to changes in the solar diffuser materials used for the F-factor determination, information not available at the time of this UV exposure test. 
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Further UV exposure of the TWM resulted in additional degradation that eventually saturated after about four days, while A3-31 and CERES1 were unaffected by UV exposure ( Figure 5 ). The UV irradiation was suspended once degradation of the TWM saturated, and the mirrors remained in vacuum overnight to check for reflectance recovery. No change in vacuum reflectance was observed, and the chamber was vented to atmospheric pressure with dry nitrogen gas, again with no change in reflectance observed. However, upon opening the chamber door, allowing air to reach the sample, the reflectance of the TWM immediately began to recover. All of the loss observed during the UV exposure of the TWM in vacuum recovered to its pre-exposed state overnight. The results of these tests suggested that (a) if the degradation is due to darkening of contamination deposited during AI&T, then the scope of the contamination was limited since the CERES mirror did not exhibit photo-degradation; (b) the on-orbit darkening will likely persist throughout the life of the sensor, as the effect was not reversible in vacuum; and (c) the observed surface WO x is a likely source of the degradation, being a known photochromic material with a characteristic absorption at wavelengths similar to the mirror losses observed. 6 By January 5, 2012 an additional RTA coating witness sample had been identified that had been stored by the coating vendor after deposition. This witness mirror had never traveled with VIIRS or been exposed to external contaminants. Prior to beginning a second UV exposure test on this and other samples (Table 2) , full composition depth profiles were performed on both the TWM and this supposedly pristine mirror, labeled CFM1. Tungsten oxide was found on the surface of the new mirror, similar to that already observed on the TWM. The depth profile data sets from both mirror types were analyzed with multivariate curve resolution (MCR), a statistical method that is used to deconstruct data sets into a specified number of statistical components. In MCR of ToF-SIMS depth profiles, scores show the relative weight of each component as a function of sputter depth, and loadings show the mass spectral signature associated with their respective scores. The MCR analysis of depth profiles taken from CFM1 and TWM is shown in Figure 6 . Due to the extensive surface contamination on TWM, an additional component was used in the MCR model of TWM to describe this region. The results show that once the surface contamination was factored out, the physical (scores) and chemical (loadings) characteristics of both mirrors are extremely similar, indicating that the tungsten oxide (WO x ) contamination dated back to the original coating deposition. Depth profile analysis of both mirrors through the coating stack and down to the substrate revealed a second, very small, WO x contaminant at the interface between the mirror substrate and the first layer of the coating. Additional ToF-SIMS analysis of another mirror from the same coating vendor (similar to A3-31) showed no tungsten oxide on the surface of the coating, but it also revealed a very small, almost indistinguishable WO x peak at the substrate/coating interface. The coating vendor confided that they employed a cold cathode ion source with a tungsten neutralizer filament, using argon and oxygen working gas, prior to deposition as a means of ion cleaning the mirror substrates. During use of this ion source, the tungsten filaments operate at thermionic temperature, and it is well known that tungsten at high temperature is highly susceptible to oxidation, forming a volatile tungsten oxide which will transfer to the sample surface. 7 While the vendor routinely used this treatment for the substrate, it was not part of the vendor process to use the ion source during deposition of the mirror coatings.
However, a review of the vendor's records indicated that the protected silver deposition on the VIIRS RTA flight mirrors was less reflective than required by specification. An analysis of the spectra for the witness mirrors led the vendor to believe that the source of the low reflectivity was absorption in the outermost silicon oxide coating. Because the RTA mirrors were machined from aluminum, which was subsequently coated with an electroless nickel plating prior to final polish, it was judged impractical to chemically strip the noncompliant coating from the RTA mirrors. The only rework option available would have been to polish off the coating, a process that would have taken several months, and which would have had severe implications for the program schedule. The vendor, along with quality control representatives from their customer, elected to try to "fix" the oxygen deficient coating by subjecting it to a prolonged treatment with the oxygen ion beam from the previously described ion source. An experiment on a witness mirror resulted in a significant improvement in mirror reflectance, although not to levels expected for their typical coating. The reflectance did, however, meet program specifications, and without input from the government's or contractors' subject matter experts, the flight mirrors were processed in the same manner. After the rework process produced similar results, the mirrors were accepted, shipped, and installed in the VIIRS RTA. The entire process, from discovery that the initial coating did not meet specifications to acceptance of the reworked mirrors, took less than 48 hours. No efforts were made to verify the flight-worthiness of the as-delivered coating, and the use of a non-qualified process was not documented in the delivered data package for the mirrors.
As the investigation revealed these details about the coating of the RTA mirrors, the second UV exposure test produced similar results as before. Both the TWM and CFM1 samples rapidly lost reflectance in the near infrared, while the other relevant witness samples remained stable. One surprise from the test was that the pristine CFM1 sample actually degraded more than did the TWM (Figure 7) . It is tempting to speculate as to the difference between these two samples. The ToF-SIMS analysis ( Figure 6 ) indicates that the WO x films on the two samples are comparable in thickness. However, UV reflectance scans reveal subtle differences between these two samples, with the TWM part more closely resembling other mirrors from the same vendor that do not have the WO x surface film (Figure 8 ). It is possible that the difference in the UV reflectance is the result of different WO x thicknesses on the two parts, but this data may indicate that the two WO x films are different chemically. Perhaps the more than six years of exposure to air and/or humidity have modified the WO x surface coating on TWM as compared to the part which was stored in a closed bag during this same time. The reflectance loss for both samples saturated after 72 hours of UV exposure, and the parts were again exposed to air to demonstrate that the recovery process was common to both mirrors.
A further unusual finding was made during a third UV exposure test. Again, both samples rapidly degraded to levels comparable to the previous test, and both saturated after 72 hours; however, the test was extended to assure that additional losses would not take place. During that time, we obtained additional parts from other spacecraft programs to test, and to accommodate them in the chamber, these two mirrors were moved to a different location in the chamber, out of the Xe lamp beam, but still exposed to any indirect illumination that was reflecting about the chamber. Surprisingly, when these parts were remeasured at several intervals thereafter, the loss in the parts had grown beyond the level at which they had appeared to saturate. (Figure 9 ) One significant difference of this "indirect" exposure is that those parts likely remained at a much lower temperature than they were during the direct exposure. It is unclear whether the onorbit performance of the RTA mirrors would show similar behavior, as the temperature of the flight parts are more representative of the indirectly lit configuration than the samples placed directly in the beam of the Xe arc lamp. Wavelength (nm)
The similarity of the two VIIRS RTA witness mirrors which both exhibit surface WO x and nearly identical behavior with UV exposure, coupled with the absence of degradation in other parts that do not have surface WO x , lends confidence to the conclusion that tungsten oxide deposition on these mirrors is the root cause of the on-orbit degradation of the VIIRS RTA. This root cause assignment is further strengthened by an additional experiment that was conducted during the investigation. First, tungsten oxide film of approximately 3nm thickness was deposited on top of a silver mirror of a different coating design that had been previously prepared in Aerospace's in-house coating laboratory. An identical mirror prepared in the same coating run was left pristine. These two parts, with and without the WO x coating, were then exposed in the same UV exposure test chamber. Results of this experiment are shown in Figure 10 . The WO x contaminated mirrors lost reflectivity in the near infrared in a manner similar to the VIIRS RTA mirrors, while those without the WO x layer were unaffected by the UV exposure. The saturation level of the loss induced by the Aerospace deposited WO x layer was lower than that seen on the VIIRS mirrors. This could be the result of differences in WO x layer thickness, defect density, and/or water content, and may provide some insight into the different loss levels observed in the TWM and CFM1 mirrors.
SUMMARY AND CONCLUSION
As deposited, the silver mirror coatings on the VIIRS Rotating Telescope Assembly did not meet reflectance specifications, and a non-qualified process was employed in an attempt to improve the reflectivity of these mirrors. This process inadvertently deposited a thin layer of tungsten oxide, WO x , on the surface of the mirrors. The tungsten oxide coated witness mirrors, when illuminated in vacuum, become absorptive in the near infrared with a spectral dependence that compares very well with the inferred behavior of the RTA mirrors on orbit. The similarity of these results indicates that that the spectrum contained in Earth's albedo is sufficient to cause this same darkening effect of one or more mirrors in the VIIRS RTA. This absorption remains stable when the mirrors are removed from illumination, although witness samples recover their reflectance when exposed to air. The degradation of the WO x coated mirrors repeats upon subsequent UV exposures. While this study indicates that the tungsten oxide contamination plays a major role in the susceptibility of the VIIRS RTA mirrors to albedo exposure, we cannot rule out at this time whether the asdeposited/oxygen-ion-beam-treated mirrors are also inherently susceptible to UV radiation, absent the presence of the tungsten oxide. Experiments are in progress to determine whether the initial non-stoichiometry in the dielectric layer(s) might also contribute to the on-orbit degradation of VIIRS.
